A major impediment to successful chemotherapy is the propensity for some tumor cells to undergo cell cycle arrest rather than apoptosis. It is well established, however, that the adenovirus E1A protein can sensitize these cells to the induction of apoptosis by anticancer agents. To further understand how E1A enhances chemosensitivity, we have made use of a human colon carcinoma cell line (HCT116) which typically undergoes cell cycle arrest in response to chemotherapeutic drugs. As seen by the analysis of E1A mutants, we show here that E1A can induce apoptosis in these cells by neutralizing the activities of the cyclin-dependent kinase inhibitor p21. E1A's ability to interact with p21 and thereby restore Cdk2 activity in DNA-damaged cells correlates with the reversal of G 1 arrest, which in turn leads to apoptosis. Analysis of E1A mutants failing to bind p300 (also called CBP) or Rb shows that they are almost identical to wild-type E1A in their ability to initially overcome a G 1 arrest in cells after DNA damage, while an E1A mutant failing to bind p21 is not. However, over time, this mutant, which can still target Rb, is far more efficient in accumulating cells with a DNA content greater than 4N but is similar to wild-type E1A and the other E1A mutants in releasing cells from a p53-mediated G 2 block following chemotherapeutic treatment. Thus, we suggest that although E1A requires the binding of p21 to create an optimum environment for apoptosis to occur in DNA-damaged cells, E1A's involvement in other pathways may be contributing to this process as well. A model is proposed to explain the implications of these findings.
Chemotherapeutic drugs and ␥ radiation are the bases of most cancer treatments and work, for the most part, by damaging or inhibiting the synthesis of cellular DNA. As a rule, tumor cells that are sensitive to these forms of treatment undergo apoptosis, or autonomous cell death, whereas those that are resistant typically do not, owing in part to their inability to activate apoptotic programs (69) . The ability of tumor cells to detect and respond to radiation or drug-induced DNA damage is not yet fully understood, but a connection between the p53 tumor suppressor protein and the capacity of these cells to initiate DNA damage-induced cell death has been well established (69) .
In some cancers, the activation of p53 as a transcription factor in response to radiation or other DNA-damaging agents does not always lead to apoptosis but rather to cell cycle arrest (40, 58) . The decision of a cell to enter cell cycle arrest or an apoptotic pathway rests heavily on a number of factors (69) , and when the former prevails, the block usually occurs at both the G 1 /S and G 2 /M transitions of the cell cycle (70) . These checkpoint responses are partially caused by the cyclin-dependent kinase inhibitor p21, which is transcriptionally induced by p53 following DNA damage (10, 17, 54, 78) . This protein primarily binds to and inhibits cyclin E-, and A-dependent kinases (Cdks), both of which are important to S phase (53) . Key substrates for cyclin E-Cdk2 include prereplication complexes and the retinoblastoma protein Rb, which acts to constrain the G 1 /S transition of normal cells while in its hypophosphorylated form (57) . As with p53, the function of Rb is frequently lost in many human cancers (70) , and this may be the reason why some cells fail to induce critical checkpoints after DNA damage, whether intrinsic or otherwise. For example, Rb Ϫ/Ϫ mouse embryo fibroblasts (MEFs) and Rb-negative human cell lines fail to arrest at the G 1 /S checkpoint after treatment with radiation or chemotherapeutic agents, notwithstanding the activation of p53 and an increase in the level of p21 (8, 29, 54) . In addition, although the Rb-negative cells arrest in G 2 /M, a significant proportion of these cells undergo endoreduplication (a round of DNA replication without mitosis), indicating that Rb may also be important in preventing DNA replication in p21-induced G 2 /M-arrested cells (54) . Finally, the notion that Rb acts downstream of p53 in response to DNA damage (8, 29, 54) is corroborated by the fact that the human papillomavirus E7 protein can override a p53-induced G 1 /S arrest (50, 72) without affecting the p53 3 p21 response pathway (30) , and this done is partly by interacting with Rb (74) . Eventually these E7-expressing cells under conditions of drug-induced DNA damage undergo an apoptotic response with the retention of a phosphorylated Rb (30) .
Nontumorigenic cells, such as fibroblasts (human or rat) and MEFs, do not readily undergo apoptosis when exposed to radiation or many anticancer agents, despite the accumulation of p53, which in this case functions to promote cell cycle arrest, or Bax (50), a proapoptotic member of the Bcl-2 family (64) . These cells, however, can be sensitized to this form of treatment by the adenovirus E1A protein, making them susceptible to p53-mediated apoptosis (2, 43, 67) . E1A can also promote apoptosis in normal fibroblasts or MEFs, and profoundly so under conditions of mitogen deficiency (2, 16, 42, 63) . In this situation, E1A appears to stabilize p53 through a mechanism which is dependent on ARF (murine p19 ARF ; human p14 ARF ) (19, 42, 62) . In effect, ARF, which is induced by the transcription factor E2F1 (5), inhibits the activity of MDM2 (59, 85) , which negatively regulates p53 (61) .
The signaling to p53 following DNA damage is separate and independent of ARF (41) and is mediated, in part, by kinases such as ATM and Chk2, which phosphorylate p53 on Ser-15 and Ser-20, respectively (3, 11, 12) . The phosphorylation of p53 on Ser-20 apparently weakens the association between p53 and MDM2 (13, 31) , and this in turn affects the stability of p53. The notion that E1A and DNA damage can activate p53 through distinct mechanisms is supported by the lack of phosphorylation of p53 on Ser-15 in cells expressing E1A (19) .
The mechanisms by which E1A makes cultured cells sensitive to the induction of apoptosis by anticancer agents are not yet fully understood, although there is some evidence that the Rb protein and the transcriptional coactivator p300 (also called CBP) may be involved in this process (38, 67, 73) . However, others have argued that the binding of p300 by E1A may be dispensable for apoptosis (15) . It has also been reported that E1A-dependent apoptosis requires the activation of caspase-9 through the release of cytochrome c (24) . However, it has been asserted that this pathway may not be sufficient for E1A to induce drug sensitivity and that a second pathway is also required, one that may involve cell cycle repressors (20) . In considering this, it is interesting that the p21 protein has been shown to have a protective influence over apoptosis in DNA-damaged cells (2, 58, 79) . With this in mind, and the fact that we and others have recently shown that E1A can bind directly to p21 (34, 36, 47) and its related inhibitor p27 (49), we examined this interaction in the context of E1A's ability to promote apoptosis and chemosensitivity in cells after treatment with a chemotherapeutic agent. In particular, we studied by flow cytometry a variety of E1A mutants (Table 1) in terms of their abilities to induce an apoptotic response in a human diploid carcinoma cell line after DNA damage. This detailed analysis enabled us to demonstrate for the first time that E1A can promote apoptosis in these cells by affecting the p21 pathway, although there are indications that other pathways may also be functioning in this process.
MATERIALS AND METHODS

Cell lines, transfections, and doxorubicin treatment. HCT116 p21
ϩ/ϩ , p21 ϩ/Ϫ , and p21
Ϫ/Ϫ cells were kindly provided by B. Vogelstein (Johns Hopkins University School of Medicine, Baltimore, Md.) (78) . These cell lines were maintained in McCoy's 5A medium supplemented with 10% fetal bovine serum and penicillin or streptomycin. For transient transfections, HCT116 cells seeded on 10-cm-diameter dishes were separately transfected with the indicated plasmids (15 g) at a confluency of about 70%, using the Lipofectamine (GIBCO/BRL) method. The transfection efficiency under these conditions was about 20%.
Transfected and untransfected cells at 70% confluency were treated with the chemotherapeutic agent doxorubicin (Adriamycin) at a concentration of 0.2 g/ ml for various times.
Plasmids, protein purification, and transfections. Mammalian expression vectors (pcDNA3; Invitrogen) containing cDNAs downstream of the cytomegalovirus promoter and encoding wild-type E1A 12S , E1A.928, and E1A.RG2 have been described previously (47, 49) . A cDNA encoding the E1A mutant dl26-35, derived from plasmid dl1102 (4), was subcloned into the pcDNA3 vector containing wild-type E1A 12S . The pCMV expression vectors for CD20 (77) , Cdk2DN (77) , and glutathione S-transferase (GST)-Rb (379-928) (23) have also been described previously. Induction of the GST-Rb (379-928) fusion protein in Escherichia coli (strain BL21) by IPTG (isopropyl-␤-D-thiogalactopyranoside) and its purification using glutathione-Sepharose beads (Pharmacia) was reported elsewhere (48) . Once purified, GST-Rb (379-928) was quantitated by using the Bradford assay (Bio-Rad) and analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gels before use.
Antibodies, immunoblotting, and immunoprecipitations. Anti-p21 (C19), antiCdk2 (M2), anti-cyclin E (M20), anti-cyclin A (H432), and anti-Cdk4 (C22) were from Santa Cruz Biotechnology. The monoclonal antibody M73 (28) and the fluorescein isothiocyanate (FITC)-conjugated monoclonal antibody CD20Leu16 (Becton Dickinson) were used to identify the E1A proteins and the cell surface marker CD20, respectively. Anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase), which served as a control for protein loading, was purchased from BioDesign.
Immunoblot analysis was performed as previously described (47, 49) . Briefly, whole-cell extracts (50 g) were separated on SDS-polyacrylamide gels and transferred to a polyvinylidene difluoride membrane. The membrane was then incubated with a primary antibody at a concentration specified by the manufacturer. After being washed in buffer, the membrane was incubated with a peroxidase-coupled secondary antibody and then developed by using the ECL chemiluminescence reagent (Amersham).
Preparation of whole-cell extract for immunoprecipitations was carried out as described previously (47, 49) . To examine the amount of p21 bound to E1A or cyclin-Cdk2, 0.5 to 1.5 mg of transfected cell lysate was immunoprecipitated with anti-E1A (M73) or anti-Cdk2. Immune complexes of E1A or Cdk2 were then resolved on an SDS-12% polyacrylamide gel, and bound p21 was visualized by immunoblot analysis (described above) using antibodies against p21.
Kinase activity assays. To determine kinase activity in doxorubicin-treated HCT116 cells with or without wild-type or mutant E1A, whole-cell extract (50 g), prepared as previously described (47, 49) , was immunoprecipitated with anti-Cdk2. Immune complexes of Cdk2 were washed as previously described (47, 49) , and afterwards, the beads were resuspended in 15 l of kinase buffer containing histone H1 (0.5 g), 25 M cold ATP, and 5 Ci of [␥-32 P]ATP. After the mixtures were incubated for 25 min at 30°C, the reactions were terminated by 2ϫ sample buffer, and the phosphorylated products were then analyzed on an SDS-8% polyacrylamide gel and visualized by autoradiography.
Flow cytometric analysis and deoxynucleotidyltransferase-mediated dUTPbiotin nick end labeling (TUNEL) assays. Total populations of transfected cells, including floating and adherent cells, were stained for CD20 expression, fixed in 80% ethanol, and stained for DNA content (with propidium iodide) as previously described (56) . The staining of cells for E1A expression was performed according to published procedures (66) . Briefly, cells were fixed in 80% methanol and then blocked with fetal bovine serum in phosphate-buffered saline. Afterwards, the cells were stained with anti-E1A (M73), washed twice in phosphate-buffered saline, and incubated with a goat anti-mouse FITC-conjugated secondary antibody. The cells were then treated with 50 g of RNase A/ml and 50 g of propidium iodide/ml. Samples were analyzed in a cell sorter (FACScan), and the cells were measured for their FITC (green channel) and propidium iodide (red channel) fluorescence intensities. Total populations were gated to remove doublets and small debris, and cells transfected with empty vector were used to establish the background levels of FITC fluorescence for unbiased analysis of E1A-or CD20-expressing cells. Cell cycle analysis of E1A-expressing cells against nonexpressing cells from each transfection was carried out using ModFit LT software (Verity Software House, Inc.). Analysis of cells for their sub-G 1 DNA content or endoreduplication was performed with CellQuest software (Becton Dickinson).
TUNEL staining of the E1A-expressing cells was performed with the ApoBrdU kit (Phoenix Flow Systems Inc.) as specified by the manufacturer's instructions. The cells were then processed for immunofluorescence using anti-E1A (M73), 4,6 diamidino-2-phenylindole (DAPI), and an anti-bromodeoxyuridine monoclonal antibody conjugated to FITC (Boehringer), as previously described (18, 47) . The secondary antibody for E1A staining was Texas red-conjugated goat anti-mouse immunoglobulin G (Jackson Laboratory). Specimens for immunofluorescence were examined using a Nikon Optiphot-2 fluorescence microscope and then digitally captured (Oncor Video Imaging System).
RESULTS
Previous studies have indicated that the adenovirus E1A protein can sensitize cells to apoptosis following their exposure to ionizing radiation or other DNA-damaging agents (2, 43, 67) . To determine whether the Cdk inhibitor p21 might be important to E1A in increasing cellular sensitivity to these chemotherapeutic agents, we used an isogenic set of human colon carcinoma cell lines (HCT116) which differ only in their p21 status due to homologous recombination (78) . The parental HCT116 p21 ϩ/ϩ cell line (hereafter referred to as p21 ϩ/ϩ ) and the derivatives, HCT116 p21 ϩ/Ϫ (p21 ϩ/Ϫ ) and HCT116 p21 Ϫ/Ϫ (p21 Ϫ/Ϫ ), were chosen for the following reasons. Foremost, HCT116 cells are near diploid and express an apparent wild-type p53 and Rb protein (52, 75, 78) . Furthermore, the p14 ARF gene has been shown to be defective in these cells (52, 83) , and although this protein does not appear to participate in the p53 response to DNA damage (41) , it nevertheless eliminates the possibility of p14 ARF promoting a p53-dependent cell cycle arrest or apoptosis in response to E1A, as has been previously shown in other cells lines in the absence of serum (19) .
Doxorubicin affects the cell cycle distribution of p21 ؉/؉ and p21 ؊/؊ . Doxorubicin is a chemotherapeutic drug which specifically interferes with the enzyme topoisomerase II and as a result stabilizes "cleavable complexes" of this enzyme with DNA (39) . For purposes of standardization, we initially analyzed the effects of doxorubicin on p21 ϩ/ϩ and p21 Ϫ/Ϫ cells as a function of time. Various studies have characterized the behavior of these cell lines toward this drug, and normally, they both exhibit a smaller number of cells in G 1 than in G 2 upon sustaining DNA damage (25, 78, 79) . We found this to be the case as well (Fig. 1A) . For example, after 36 h of doxorubicin treatment, the p21 ϩ/ϩ cells were exclusively blocked in G 1 and G 2 , whereas the p21 Ϫ/Ϫ cells were predominantly blocked in G 2 . With longer treatments (60 and 72 h), the cell cycle distribution of the p21 ϩ/ϩ cells remained relatively unchanged, while that of the p21 Ϫ/Ϫ cells began to acquire a DNA content greater than 4N and to display evidence of undergoing apoptosis.
The pattern of accumulated p53 and p21 in DNA-damaged cells is also reflected in p21 ϩ/ϩ cells after treatment with doxorubicin for 14 h (22). However, upon closer examination, elevated levels of p21 protein can be seen as early as 6 h, reaching a maximum by 18 h and remaining at this level for the indicated times (Fig. 1B) . As reported previously (79) , expression of p21 did not affect the morphology of these cells, even after 60 h (data not shown).
The affect of doxorubicin on cell cycle proteins in p21
and p21 ؊/؊ cells. Because p21 universally inhibits cyclin-Cdk complexes (71), we compared the levels of Cdk2-and Cdk4-associated kinase activity in untreated and doxorubicin-treated p21 ϩ/ϩ cells. p21 Ϫ/Ϫ cells, which were subject to the same protocol, were also evaluated for this activity. Cell extracts were prepared from both of these cell lines at different times after treatment with or without doxorubicin, and equal amounts were immunoprecipitated with either anti-Cdk2 or anti-Cdk4 antibody for the removal of cyclin-Cdk2 or -Cdk4 complexes. As shown in Fig ϩ/ϩ cells after treatment with doxorubicin and probing with a p21-specific antibody. GAPDH served as a loading control. ϩ, present; Ϫ, absent. different times after doxorubicin treatment (Fig. 2B) . We suspect, therefore, that the loss of Cdk2-associated kinase activity in the doxorubicin-treated p21 ϩ/ϩ cells is most likely due to the accumulation of p21, particularly since the levels of cyclin E, cyclin A, and Cdk2 show no evidence of declining in these cells (data not shown). As expected, immune complexes of Cdk2 recovered from p21 Ϫ/Ϫ cells after periods of doxorubicin treatment showed no evidence of Cdk2-bound p21 (data not shown). Finally, even though Cdk4-associated Rb kinase activity remained relatively unaffected in both the p21 ϩ/ϩ and p21 Ϫ/Ϫ cell lines after exposure to doxorubicin (Fig. 2C) , the p21 ϩ/ϩ cells displayed a prominent hypophosphorylated form of endogenous Rb (Fig. 2D) , with little or no detectable change in the phosphorylation of Rb in p21
Ϫ/Ϫ cells (data not shown). The observed increase in the amount of hypophosphorylated Rb is most likely because of the level of Cdk2-associated kinase activity, which becomes severely reduced in these cells. This result is mirrored by the finding that ␥-irradiation of MEFs also leads to the inhibition of phosphorylated Rb, specifically at Cdk2 but not Cdk4 sites and in a p21-dependent manner (8) . We conclude that the reduced levels of cyclin-Cdk2 activity observed in the p21 ϩ/ϩ cells after doxorubicin treatment is due to the binding of p21, and although we have no direct proof, this loss is likely to have an affect on the biochemical activities of Rb.
E1A targets p21 in doxorubicin-treated p21 ؉/؉ cells. As we have shown previously, E1A can restore kinase activity by targeting the Cdk-inhibitory proteins p21 and p27 in terminally (47, 49) . In view of this, and given the evidence presented above, we decided to examine whether E1A could also neutralize the inhibitory effect of p21 on Cdks in doxorubicin-treated p21 ϩ/ϩ cells. Therefore, p21
ϩ/ϩ cells were separately transfected with an empty vector (minus E1A) or with expression plasmids encoding either wild-type E1A or an E1A mutant (E1A.dl26-35) that showed no evidence of binding to p21 in vitro, as judged by a GST pull-down experiment (data not shown). Shortly thereafter, doxorubicin was added to the cultures for various periods. As shown in Fig. 3A , wild-type E1A was highly efficient in associating with p21 in doxorubicin-treated cells, whereas the E1A.dl26-35 mutant was not. Moreover, this mutant, as well as an E1A mutant failing to bind both p21 and Rb (E1A.dl26-35/ 928), was also unable to restore kinase activity to cyclin-Cdk2 complexes, unlike wild-type E1A (Fig. 3B) or the rest of the E1A mutants listed in Table 1 (data not shown). Finally, although wild-type E1A and the E1A mutants failing to bind p300 or Rb were repeatedly able to reduce the amount of p21 in association with cyclin-Cdk2 complexes in doxorubicintreated p21 ϩ/ϩ cells, the E1A.dl26-35 mutant was unable to perform this activity (Fig. 3C and data not shown) . It is important to note that E1A had no apparent effect on the accumulation of p21 in the doxorubicin-treated p21 ϩ/ϩ cells or, for that matter, on the levels of cyclin E, cyclin A, and Cdk2, which were identical to the levels observed in DNA-damaged cells without E1A (data not shown). The fact that increased levels of p21 remain virtually unperturbed by E1A in this context is highly consistent with what others have previously observed in that p53-mediated induction of p21 in cells stably expressing either an E1A or human papillomavirus type 16 E7 protein remain unaffected after DNA damage as well (9, 33) . Likewise, the accumulation of p21 in an E1A-inducible murine cell line ϩ/ϩ cells were transfected in parallel with pCMV-E1A 12S , pCMV-E1A.26-35, or the control plasmid pCMV. Immediately after, doxorubicin was added to the cultures, and at 36 h posttransfection, the cells were collected and whole-cell extract was prepared. Normalized extracts were immunoprecipitated with anti-E1A, and immune complexes, along with lysate (to mark p21), were then subjected to Western blot analysis and enhanced chemiluminescence, using anti-p21 as a probe. (B) Cdk2-associated kinase activity in transfected p21
ϩ/ϩ cells with doxorubicin treatment for 36 h was determined as for Fig. 2 . In the lower blot, the extracts used for panels A and B were subjected to Western blot analysis using anti-E1A as a probe. (C) Normalized extracts from transfected or untransfected p21
ϩ/ϩ cells with or without doxorubicin treatment for 36 h were immunoprecipitated with anti-Cdk2. The immune complexes were then examined for the presence of p21 by Western blot analysis using anti-p21 as a probe. The membrane was also probed with anti-Cdk2 (middle blot) to assure equal loading of the immunoprecipitated products. The same extracts were also subjected to Western blot and chemiluminescence analysis, using anti-E1A as a probe (bottom blot). ϩ, present; Ϫ, absent.
as a result of doxorubicin treatment also remains unaltered after E1A is expressed in these cells (M. Ghosh and M. L. Harter, unpublished results). G 1 checkpoint established by doxorubicin in p21 ؉/؉ cells is abrogated by the expression of E1A. As described above, one of the consequences of p21 expression in doxorubicin-treated p21 ϩ/ϩ cells is the inhibition of Cdk2 activity ( Fig. 2 and 3) , a phenomenon that has also been observed in human diploid fibroblasts after ␥-irradiation (21) . Although direct evidence is lacking, the role of p21 in this context could partially explain its well-known ability to mediate a G 1 arrest in DNA-damaged cells. In view of this corollary, and the fact that E1A can counter the inhibitory effect of p21 on Cdks, we determined whether E1A could overcome the G 1 arrest observed in doxorubicin-treated p21 ϩ/ϩ cells (Fig. 1A) . Therefore, p21 ϩ/ϩ or p21 ϩ/Ϫ cells transfected with wild-type E1A and treated with doxorubicin for 36 h were stained directly with an anti-E1A monoclonal antibody (M73) for E1A expression and with propidium iodide for DNA content; these cells were then assayed for cell cycle distribution by flow cytometry. As shown in Fig. 4 , both of these cell lines, which were sorted on the basis of E1A expression, exhibited a dramatic reduction in the number of cells in G 1 relative to cells transfected with the empty vector (minus E1A). Furthermore, a proportion of cells with a DNA content greater than 4N was reproducibly more evident in the population of p21 ϩ/Ϫ cells than in the p21 ϩ/ϩ cells. The ability of E1A to enhance what appears to be endoreduplication in the p21 ϩ/Ϫ cells may simply be a reflection of the fact that these cells have only one normal copy of the p21 gene (79) and therefore half the amount of p21 protein (78) . This may also be one reason why these cells display a slight reduction in the proportion of cells in G 2 , as well as a broader G 2 peak, than the E1A-expressing p21 ϩ/ϩ cells (Fig. 4) . If this is true, it would suggest that when p21 is limited or minimal, its efficiency in negatively regulating the G 2 /M transition in DNA-damaged cells (10, 54) might be compromised. Finally, in contrast to the doxorubicin-treated p21 ϩ/ϩ and p21 ϩ/Ϫ cells, E1A had very little effect, if any, on the cell cycle distribution of p21 Ϫ/Ϫ cells under the same conditions, and identical results were obtained when p21 ϩ/ϩ or p21 ϩ/Ϫ cells were cotransfected with the CD20 expression vector and sorted on the basis of CD20 expression (data not shown).
E1A requires p21 to overcome a G 1 arrest in doxorubicintreated cells. To elucidate the basis of E1A's ability to overcome a G 1 arrest in doxorubicin-treated p21 ϩ/ϩ cells, cell cycle profiles of p21 ϩ/ϩ cells transiently transfected, in parallel, with empty vector and vectors expressing either wild-type E1A or one of the E1A mutants (Table 1) ϩ/ϩ cells were transfected in parallel with pCMV-E1A 12S , E1A.RG2, E1A.928, E1A.dl26-35, E1A.dl26-35/928, or the control plasmid pCMV. Doxorubicin was added to the cultures immediately after, and at 36 h posttransfection, the cells were collected and stained with propidium iodide and anti-E1A for E1A expression. The cell cycle distribution of these cells was assessed by flow cytometry, as described in the legend to Fig. 4. (B) p21 ϩ/ϩ cells were transfected or cotransfected in parallel with a control plasmid (pCMV) and with pCMV and pCMV-E1A 12S (4:1) or with Cdk2DN and pCMV-E1A 12S (4:1), respectively. Afterwards, the cells were treated with doxorubicin, and at 36 h posttransfection, the cells were collected and processed for flow cytometry as described for panel A. The inset shows the expression of E1A and the coexpression of E1A and Cdk2DN in the doxorubicin-treated cells, as judged by Western blot analysis and the use of anti-E1A and anti-Cdk2. The histogram under the flow cytometry plots shows the percentage (ϩ standard deviation) of cells in a G 1 population and is representative of three independent experiments.
FIG. 6 (facing page). Prolonged expression of E1A in doxorubicin-treated p21
ϩ/ϩ cells leads to apoptosis. (A) p21 ϩ/ϩ cells were cotransfected in parallel with the indicated plasmids (pCMV and pCMV-E1A 12S , -E1A.RG2, -E1A.928, and -E1A.dl26-35) and a pCMV-CD20 expression vector. Immediately after, the cells were treated with doxorubicin, and at 60 and 72 h posttransfection, the DNA content was analyzed by propidium iodide staining and fluorescence-activated cell sorting analysis of CD20-positive cells. Only normal-size cells with slight loss of DNA content were analyzed, while doublets and debris, resulting from aggregates or necrotic death, were avoided. bind only p300 and Rb were slightly less efficient than wild-type E1A in abrogating G 1 arrest in these cells (Fig. 5A) . By comparison, the E1A.26-35 mutant failing to bind only p21 was unsuccessful in overcoming a G 1 arrest, and cells expressing a double E1A mutant (E1A.26-35/928) retained a cell cycle profile that was almost identical to that seen in cells transfected with empty vector. The fact that the G 1 arrest in some cells could not be affected by E1A suggests that there may have been insufficient restoration of Cdk2 activity within a subpopulation, possibly due to cell-to-cell variation in E1A expressions levels.
The results of the experiments described above strongly indicate that E1A requires the p21 protein to overcome G 1 arrest in doxorubicin-treated p21 ϩ/ϩ cells. In principle, this could be in harmony with E1A's ability to displace p21 from cyclin-Cdk2 complexes and thereby liberate their activity (Fig. 3) , a function that could be sufficient for executing the initiation of DNA replication. If this is true, then coexpression of E1A with a dominant-negative form of Cdk2 (Cdk2DN), which has been previously shown to inhibit Cdk2 activity under a variety of conditions (46, 77) , might counteract this effect. Therefore, p21
ϩ/ϩ cells were transfected with an expression vector for wild-type E1A together with either an empty vector or a vector encoding Cdk2DN. The cells were then treated with doxorubicin, and 36 h posttransfection were stained for the expression of E1A and DNA content for analysis by flow cytometry. As shown in Fig. 5B , cells expressing only E1A were again showing a reduction in the number of cells in G 1 compared to cells without E1A. More importantly, though, cotransfection of Cdk2DN reversed the effects of E1A in the doxorubicintreated p21 ϩ/ϩ cells: the arrest in G 1 was largely restored, and in contrast to what was found in cells with E1A alone (Fig. 2) , there was no significant increase in the number of cells in G 2 , at least at this time point. Nevertheless, there were indications that DNA synthesis may have initiated in these cells, with the proportion of cells distributed in S phase being almost identical to that seen in the doxorubicin-treated cells with E1A. Because Cdk2DN alone has no apparent effect on the number of cells in S phase (Fig. 5B) , this observation could be due to a small number of cells which are capable of escaping the effects of Cdk2DN in reversing E1A-released Cdk2 activity, thus moving into S phase, but with a lower rate of DNA synthesis, since there was no evidence for a complete round of DNA replication. Alternatively, it could be a result of E1A functioning in yet another capacity, specifically in abrogating an S phase checkpoint which does not require p21 and which has been previously described in both normal and human cancer cells in response to DNA damage (1, 36, 82) . Although we have no direct proof, doxorubicin-treated p21 ϩ/ϩ cells, apart from arresting in G 1 and G 2 , could also be arresting in S phase. Hypothetically, if E1A were able to disrupt the checkpoint operating in S phase, then it would stand to reason that it would most likely require a cellular protein other than p21. It is possible, and indeed likely, that this protein is Rb, since it appears to function not only in arresting cells during G 1 but during S phase as well, as evidenced under a variety of conditions (14, 35, 45) . Taken together, these data indicate that although E1A cannot directly affect a G 2 arrest in doxorubicintreated p21 ϩ/ϩ cells, at least on a short-term basis, it can overcome a G 1 arrest by restoring Cdk2 activity. Perhaps more importantly, though, the data provide the first direct evidence that the G 1 arrest observed in DNA-damaged p21 ϩ/ϩ cells is mediated, at least in part, by the specific loss of Cdk2 activity.
Induction of apoptosis by E1A in doxorubicin-treated p21
؉/؉ cells is largely dependent on p21. A major difference between p21 ϩ/ϩ cells and p21 Ϫ/Ϫ cells in response to doxorubicin treatment is that the latter cells cannot sustain a G 2 arrest beyond 36 h and eventually undergo apoptosis (Fig. 1) (79) . In view of this result, and the fact that these two cell lines are virtually isogenic, others were quick to argue that p21 could function in suppressing p53-mediated apoptotic processes induced by DNA damage (79) . Indeed, a large body of work (26, 44, 76) , including the fact that p21 can protect skeletal muscle cells against apoptosis (81) , has now rendered this notion real. From this perspective, and given E1A's ability to target and thereby affect the activity of p21 in DNA-damaged p21 ϩ/ϩ cells ( Fig. 3 and 4) , it was reasonable to assume that p21's function of inhibiting apoptosis may be compromised once E1A was expressed in these cells, principally as a function of time. Therefore, an analysis of the cell cycle distribution of DNAdamaged cells expressing either wild-type or mutant E1A for periods of 60 and 72 h was undertaken with the use of flow cytometry. In these experiments, an empty vector or plasmids encoding wild-type or mutant E1A were cotransfected with a plasmid expressing a cell surface marker (CD20), and the rate of apoptosis rather than total apoptosis was measured accordingly (66) . Examples of the flow cytometric analysis of transfected doxorubicin-treated p21 ϩ/ϩ cells are shown and summarized in Fig. 6A and C. In keeping with E1A's ability to promote drug-induced apoptosis (43, 67) , the percentage of cells with sub-G 1 DNA contents (indicative of apoptosis) in cells expressing wild-type E1A for 60 and 72 h was substantially higher in cells without E1A. Notably, however, coexpression of the Cdk2DN mutant in this experimental setting had a prominent effect on E1A's ability to induce apoptosis in doxorubicin-treated p21 ϩ/ϩ cells in that there was a significant decrease in the population of sub-G 1 cells (Fig. 6B) . Key to this investigation is the fact that Cdk2DN alone had no effect on the number of apoptotic cells after doxorubicin treatment compared to the control.
This result, together with our previous observations ( Fig. 3  and 5 ), suggests that, in part, the release of Cdk2 activity by E1A is indeed an important requirement for rendering DNAdamaged cells sensitive to apoptosis.
At 60 and 72 h posttransfection, the E1A mutant failing to bind p300 (E1A.RG2) was only slightly less efficient than wildtype E1A in inducing apoptosis in the doxorubicin-treated p21 ϩ/ϩ cells, whereas the E1A mutant failing to bind p21 was quite ineffective (Fig. 6A and C) . Of interest, however, is the fact that although the E1A mutant failing to bind Rb (E1A.928) was almost as effective as wild-type E1A in inducing apoptosis in these cells 72 h posttransfection, the kinetics of cell death as a result of these two proteins were not entirely identical, since early on the rate of apoptosis was about twofold greater in cells expressing wild-type E1A than in those expressing the E1A.928 mutant. However, over time these rates became almost identical. Among the possibilities in explaining this observation is the potential for some form of Rb to be functioning in a pathway other than that of p21 (8, 29) . Thus, to become functionally inactivated, at least in this context, Rb may require a direct interaction with E1A. Indeed, we find that E1A is quite capable of associating with the partially phosphorylated form of Rb that is present in the doxorubicin-treated p21 ϩ/ϩ cells ( Fig. 2D and data not shown) . Nevertheless, these results provide a clear demonstration that E1A requires p21 to induce apoptosis in p21 ϩ/ϩ cells following treatment with a DNA-damaging agent.
Finally, That the cell death observed in the E1A-transfected cells was indeed a result of apoptosis is evidenced by the fact that many of these cells showed DNA fragmentation, as revealed by the TUNEL reaction, and a phenotype of nuclear blebbing and apoptotic bodies, as visualized by DAPI staining (Fig. 6D) . Incidentally, neither of the E1A-transfected p21 ϩ/ϩ or p21 ϩ/Ϫ cells showed any sign of apoptosis under conditions of non-doxorubicin treatment, indicating that E1A alone cannot promote apoptosis in these cells lines without DNA damage or within this time frame (data not shown).
Expression of E1A in doxorubicin-treated cells leads to endoreduplication. As described above, HCT116 cells lacking p21 eventually undergo endoreduplication followed by apoptosis after arresting in G 2 in response to DNA-damaging drugs (Fig. 1A) (79) . Since the parental cells with p21 do not behave similarly when subjected to the same regimen, it was of interest to determine whether E1A could cause these cells to undergo phenotypic changes analogous to those observed in the p21 Ϫ/Ϫ cells after doxorubicin treatment. Therefore, p21
ϩ/ϩ cells transfected with CD20 together with empty vector and wild-type E1A or E1A mutants were subjected, as before, to pulse width analysis to allow only individual nuclei having greater than 4N DNA content to be measured. Compared to drug-treated p21 ϩ/ϩ cells without E1A, those expressing wild-type E1A or E1A mutants failing to bind only p300 or Rb exhibited similar increases in the number of cells with a greater-than-4N DNA content (Fig. 7A) and, perhaps more importantly, similar reductions in the number of cells in G 2 (Fig 7B) . Given this correspondence, the results suggest that any mutant form of E1A that is still capable of binding to p21 can induce doxorubicin-treated p21
ϩ/ϩ cells blocked in a G 2 -like state to initiate what appears to be a second round of DNA synthesis. Nonetheless, the E1A.26-35 mutant, which cannot bind to p21, was found to be more efficient than wild-type E1A or any of the other E1A mutants in increasing the number of cells with a DNA content of Ͼ4N (Fig. 7A) . Still, it was almost equally efficient in reducing the number of cells in G 2 (Fig. 7B) . Because the E1A.26-35 mutant can target and thereby inactivate Rb, whereas the E1A.26-35/928 double mutant cannot (Fig.  7A) , these results support a function for Rb in preventing the reinitiation of DNA synthesis in DNA-damaged cells that have arrested in G 2 with elevated amounts of p21. This would be consistent with the fact that, compared to E1A alone, a much higher percentage of cells with a DNA content greater than 4N is exhibited in doxorubicin-treated p21 ϩ/ϩ cells after coexpression with the Cdk2DN mutant (Fig. 7C ). As expected, there was no change when these cells were transfected with Cdk2DN alone (data not shown). Thus, these results in their entirety reflect the findings of previous experiments, demonstrating the tendency of Rb-negative cells when expressing high levels of p21 to undergo endoreduplication cycles after ␥-irradiation (54). Apart from this, however, the marked elevation of endoreduplication observed in these cells after expression of the E1A.26-35 mutant may also coincide with the reported ability of Rb to function in an S phase checkpoint (see above).
DISCUSSION
It is well established that the adenovirus E1A protein can enhance the sensitivity of tumor cells to chemotherapeutic agents by promoting apoptosis, but for the most part, the cellular proteins as well as the pathways required for this process are still relatively unknown. This is primarily because of conflicting evidence generated by differences in experimental design, cell types, and, perhaps more importantly, the use of E1A mutants, which were at the time uncharacterized in their ability to bind p21. As demonstrated by our earlier experi- ments, as well as the experiments presented here, the region on E1A to which p21 binds has now been defined (Fig. 3 ) (47) and in fact maps adjacent to the site which is responsible for binding p300. Thus, the use of E1A mutants with deletions spanning both of these regions may help to explain why others have argued for a role for p300 in E1A's ability to promote apoptosis and chemosensitivity in DNA-damaged cells, and for that matter, to inhibit p53-mediated p21 transactivation as well (67, 68, 73) . However, by using a thoroughly characterized E1A mutant (E1A.RG2) that fails to bind only p300 (Table 1 ) (80), we were able to show that E1A does not require this protein to enhance chemosensitivity and promote drug-induced apoptosis. Instead, the results presented here clearly demonstrate a role for the p21 protein, as well as an indirect role for Rb (Fig.  8 ) in allowing E1A to perform this function, at least in a human tumor-derived diploid cell line. E1A's requirement for p21 in inducing apoptosis in drugtreated cells raises important questions with regard to the pathways that may be involved in this activity. It is widely believed that p21 is a key player in arresting cells in G 1 and G 2 after DNA damage (54, 65, 69) and that this correlates, in part, to its inhibitory effect on Cdk2, but not Cdk4, as demonstrated here (Fig. 2) and also recently by others (8, 60) . More importantly, inactivation of Cdks by p21 appears to coincide with its ability to protect cells from DNA damage-induced apoptosis (7, 37, 79) . In light of this, we would argue that for E1A to create the proper environment for apoptosis to occur in cells that have decidedly arrested in G 1 and G 2 in response to chemotherapeutic drugs, it must first restore Cdk2 activity by neutralizing a p53-dependent p21. This notion is supported by previous experiments which have suggested that Cdk2 may be necessary for apoptosis. In particular, pharmacologic Cdk2 inhibitors or dominant-negatives Cdks can suppress apoptosis in a variety of cell types after growth factor deprivation (37, 51, 55) . As shown here, E1A reduces early on the levels of p21 in association with cyclin-Cdk2 complexes in DNA-damaged cells, resulting in the induction of Cdk2 activity and an increase in the phosphorylation of Rb (Fig. 3 and data not shown) . This in turn leads to a decrease in the number of cells in G 1 , entry into S phase, and an accumulation of cells in G 2 (Fig. 4) . We suggest that these events may be correlative, since they can be partially reversed by a dominant-negative Cdk2, which interferes directly with Cdk2 activity (Fig. 5) . With these findings, therefore, we can now firmly establish a link between Cdk2 activation by E1A and the ability of this viral protein to create a setting for the occurrence of apoptosis in DNA-damaged cells. However, given the complexities of the biochemical pathways required for apoptosis, this is not to say that the restoration of Cdk2 is the only relevant activity for E1A in promoting cell death. Indeed, when considering p21's effect on the G 2 checkpoint with respect to preventing the reinitiation of DNA synthesis in the absence of mitosis or cytokinesis (6, 79), we cannot rule out the possibility that E1A may also be perturbing the function of p21 in this context. Consistent with this notion is the fact that we find a decrease in the number of DNAdamaged cells in G 2 with protracted periods of E1A expression (Fig. 7B) .
The noticeable induction of apoptosis in drug-treated cells expressing an E1A mutant incapable of binding to Rb was somewhat unexpected, particularly since others have shown this protein, although not the other Rb-related proteins (p107 or p130), to be a requirement for E1A in promoting apoptosis and chemosensitivity (67) . This incongruity is most likely explained by the fact that, although this mutant cannot bind directly to Rb, it can nevertheless restore Cdk2 activity (reference 47 and data not shown) and therefore indirectly affect various Rb functions because of additional phosphorylation. In this model, therefore, the theory of the role of Rb in the DNA damage response with respect to preventing the initiation of DNA replication (29) remains viable and may be supported by two recent findings. First, Cdk2 activity is apparently required to complete the phosphorylation of Rb (27, 46, 84) ; second, FIG. 8 . Model of E1A-induced apoptosis in DNA-damaged HCT116 cells. Exposure to doxorubicin results in the activation of p53 and, consequently, an increase in the levels of p21. In this cell system, the induced inhibitor (p21) antagonizes Cdk2 activity, leading to G 1 arrest, and presumably functions in maintaining G 2 arrest as well. Once E1A is introduced into the arrested cells, it targets p21, resulting in the restoration of Cdk2 activity. This in turn completes the phosphorylation of Rb and any other downstream targets that may be involved in promoting inappropriate entry into S phase, followed by apoptosis. The release of E2F from Rb has not been demonstrated in this system, and the model only considers its separate function in inducing cell cycle progression and not apoptosis. The model also suggests a likely but distinct role for E1A in inducing apoptosis by binding directly to Rb. The release of G 2 and subsequent apoptosis as a function of E1A's direct effect on p21 in this pathway is speculative, as are the other components of the model which are indicated with question marks.
cyclin E-Cdk2 specifically phosphorylates Rb at a site which ostensibly induces a conformational change, resulting in the release of E2F, which in this case would function in the capacity of activating transcription (27) instead of apoptosis (56) . The fact that the apoptotic function of E2F, which can also be inhibited by Rb, is apparently separate from its ability to activate transcription from genes relevant to DNA replication has recently been demonstrated, but only under conditions of p53-independent apoptosis (32, 56) . Given these considerations and the dependency of p53 functions in DNA-damaged HCT116 cells, it is unclear whether E2F's apoptotic activity is contributing in any way to E1A's ability to induce apoptosis in these cells. However, since E1A is able to bind directly to Rb in drug-treated HCT116 cells (unpublished results), it is tempting to speculate that this interaction may be operative in alleviating Rb-E2F-mediated transcriptional repression in order to allow E2F-mediated apoptosis to occur in these cells. The notion that active transcriptional repression by an Rb-E2F complex regulates apoptosis has recently been suggested by others (32, 56) . In this view, therefore, E1A's ability to promote apoptosis in DNA-damaged cells would not only involve the p21 protein but Rb as well. For that matter, the involvement of Rb might also be in the context of E1A having to interact with Rb in order to have an impact on its possible function in preventing DNA replication in p21 G 2 -arrested cells (54) and inhibiting S phase completion in DNA-damaged cells (82) . Experiments to test this strategy in detail are under way and may provide information relevant to the therapy of cancer cells with a defective Rb and an intact p53 3 p21 pathway.
